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ABSTRACT 

We present a generalized analytic formalism for the inverse Compton X-ray emission from hydrogen-poor 
supernovae and apply this framework to SN2011fe using Swift-XRT, UVOT and Chandra observations. We 
characterize the optical properties of SN2011fe in the Swift bands and find them to be broadly consistent 
with a "normal" SN la, however, no X-ray source is detected by either XRT or Chandra. We constrain the 
progenitor system mass loss rate M < 2 x 10~ 9 MQyr _1 (3 a c.l.) for wind velocity v K = 100km s" 1 . Our result 
rules out symbiotic binary progenitors for SN 201 lfe and argues against Roche-lobe overflowing subgiants and 
main sequence secondary stars if > 1% of the transferred mass is lost at the Lagrangian points. Regardless 
of the density profile, the X-ray non-detections are suggestive of a clean environment («csm < 150 cm" 3 ) for 
2 x 10 15 <fl<5x 10 16 cm around the progenitor site. This is either consistent with the bulk of material being 
confined within the binary system or with a significant delay between mass loss and supernova explosion. We 
furthermore combine X-ray and radio limits from Chomiuk et al. 2012 to constrain the post shock energy 
density in magnetic fields. Finally, we searched for the shock breakout pulse using gamma-ray observations 
from the Interplanetary Network and find no compelling evidence for a supernova-associated burst. Based on 
the compact radius of the progenitor star we estimate that the shock break out pulse was likely not detectable 
by current satellites. 

Subject headings: radiation mechanisms: non thermal 
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1. INTRODUCTION 

Over the past two decades, the utility of Type la supernovae 
(SNe la) as standardizable candles to trace the expansion his- 
tory of the Universe has been underscored by the increasing 
resources dedic ated to optical/near-IR discovery and f ollow- 
up campaigns dRiess et al.lll998l; iPerlmutter et alj[l999h . At 
the same time, the nature of their progenitor system(s) has 
remaine d elusive, despite aggressive st udies to unveil them 
(see e.g. iHillebrand t & Niemeyerl l2000). The s econd nearest 
la SN discovered in the digital era , SN 201 l fe (Nuge nt et alj 
1201 lbl) located at d L = 6.4Mpc dShappee & Stanekl 1201 C 
represents a natural test bed for a detailed SN la progenitor 
stud}0 The best studied Type la SN at early times before 
SN 201 lfe, SN 2009ig, demonstrated how single events can 
provide sig nificant insight in to the properties of this class of 
explosions (Foley et al. 2 0121) . 

The fundamental component of SN la progenitor models is 
an accreting white dwarf (WD) in a binary system. Currently, 
the most popular models include (i) a single-degenerate (here- 
after, SD) scenario in which a massive WD accretes material 
from a H-rich or He-rich comp anion, potentially a g i ant, sub- 
giant or main-sequence star, (Whe lan & Ibenlfl973h iNomotol 
1980). Mass is transferred either via Roche-lobe overflow 
(RLOF) or through stellar winds. Alternatively, (ii) models 
invoke a double sub-Mch WD binary s ystem that eventually 
merges (double degenerate model, DD: l!ben & Tu tukov 1984, 
Web binai984t) . 

In SD models, the circumbinary environment may be en- 
riched by the stellar wind of the donor star or through non- 
conservative mass transfer in which a small amount of ma- 
terial is lost to the surroundings. Winds from the donor star 
shape the local density profile as pcsm °c R~ 2 over a < 1 parsec 
region encompassing the binary system. Theoretical consid- 
erations indicate that the wind-driven mass loss rate must be 
low, since an accretion rate of just ~3x 10~ 7 M Q yr _I is ideal 
for the WD to grow slowly up to Mch and sti ll avoid mass- 
losing nova eruptions (steady burning regime, Nomo toet al.1 
1984). Strong evidence for the lack of a wind-stratified 
medium and/or the detection of a constant local density (with 
a typical interstellar medium density of «csm ~ 0.1 - 1 cm" 3 ) 
may instead point to a DD model. 

Arising from the interaction of the SN shock blast wave 
with the circumbinary material, radio and X-ray observa- 
tions can potentially discriminate between the two scenar- 
ios by shedding light on the properties of the environment, 
shaped by the evolut i on of the proge nitor system (see e.g. 
iBoffi & BrancEl 19951 lEck et al.lfl995h . Motivated thus, sev- 
eral dozen SNe la at distances d < 200 Mpc have been ob- 
served with the Very Large Array (VLA; Panagi a"et al.ll2006t 
lHancock et al.ll201 1|; Soderberg i n prep.), the Chandra X-ray 
Obser vatory dHughes et al.ll2007l) . and the Swift X-ray Tele- 
scope (Immler et al. 2006; Russel & Immler, in press) reveal- 
ing no detections to datg*"l These limits were used to con- 
strain the density of the circumbinary material, and in turn the 
mass loss rate of the progenitor system. However these data 
poorly constrain the WD companion, due in part to the limited 
sensitivity of the observations (and the distance of the SNe). 

22 The nearest Type la in the digit al era is SN 1986G which exploded in 
NGC 5 1 28 at a distance of ~ 4 Mpc JFrogel et alIT987l) . 

23 We note that the claimed detection of SN2005ke with the Swift-XKI 
was not confirmed with follow-up Chandra observations, strongly suggesting 
that the Swift/XRT source was due to contamination from the host galaxy 
IHughes et all 2007). 




FIG. 1. — 5w;yf-XRT color combined image of the environment around 
SN 201 lfe. Red, green and blue colors refer to soft (0.3-1 keV), medium 
(1-3 keV) and hard (3-10 keV) sources, respectively. A 40" region around 
the SN is marked with a white box. Inset: Chandra 0.5-8 keV deep observa- 
tion of the same region obtained at day 4 since the explosion. No source is 
detected at the SN position (white circle). 

The improved sensitivity of the Expanded Very Large Array 
(EVLA) coupled with a more detailed approach regarding the 
relevant radio and X-ray emission (and absorption) processes 
in Type la supernovae, has enabled the deepest constraints to 
date on a circumbinary progenitor as discussed in our com- 
panion paper on the recent Type la SN 20 life/ PTFllkly 
(Chomiu k et al.ll2012i See also lHoresh et alj|201 lb . 

Here we report a detailed panchromatic study of SN 201 lfe 
bridging optical/UV and gamma-ray observations. Drawing 
from observations with the Swift and Ch andra satellite s as 
well as the Interplanetary Network (IPN; Hurley 201(3), we 
constrain the properties of the bulk ejecta and circumbinary 
environment through a self-consistent characterization of the 
dynamical evolution of the Shockwave. First we present op- 
tical/UV light-curves for the SN, indicating that the object 
appears consistent with a "normal" SN la. Next we dis- 
cuss deep limits on the X-ray emission in the month follow- 
ing explosion. We furthermore report gamma-ray limits (25- 
150 keV) for the shock breakout pulse. In the Appendix we 
present an analytic generalization for the the Inverse Comp- 
ton (IC) X-ray luminosity expect ed from hydrogen poor SNe 
that builds upon previous work by lChevalier & Fransso nl2006l 
and lChevalier et af] |2006 but is broadly applicable for a wide 
range of shock properties, metallicity, photon temperatures, 
and circumstellar density profiles (stellar wind or ISM; see 
Appendix fAb. We apply this analytic model to SN 201 lfe to 
constrain the density of the circumbinary environment, and 
find that our limits a re a factor of ~ 10 d eeper than the results 
recently reported bv lHoresh et al.ll201 ll 

Observations are described in Sec. |2j limits to the SN pro- 
genitor system from X-ray observations are derived and dis- 
cussed in Sec, fusin g the IC formalism f rom AppendixlAl We 
combine our radio (Cho miuk et al.ll20T2h and X-ray limits to 
constrain the post-shock energy density in magnetic fields in 
Sec. 21 while the results from the search of a burst of gamma- 
ray radiation from the SN shock break-out is presented in Sec. 
[5] Conclusions are drawn in Sec. [6] 

2. OBSERVATIONS 

SN 201 lfe was discovered by the Palomar Transient Fac- 
tory (PTF) on 2011 August 24.167 UT and soon identified 
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as a ver y young type la exp losion in the Pinwheel galaxy 
(M101) (Nugen t et al.l | 2.01 lab . From early time optical obser- 
vations iNugent et al.l d201 lbl) were able to constrain the SN 
explosion date to August 23, 16 : 29 ± 20min (UT). The SN 
site was fortuitously observed both by the Hubble Space Tele- 
scope (HST) and by Chandra on several occasions prior to the 
explosion in the optical and X-ray b and, giving the possibility 
to con strain the progenitor system dLi et al.ll201 lat iLiu et al.l 
1201 ll). Very ear l y opti cal a nd UV photometry h as been used 
by IBrown et al.l (1201 ll) and iBloom et af] (120111) to infer the 
progenitor and companion radius and nature, while multi- 
epoch high-resolution spectroscopy taken during the evolu- 
tion of the SN ha s been employed a s a probe of the circumstel- 
lar environment (Patat et al. 20 1 lbl) . Limits to the circumstel- 
lar density have been d erived from deep radi o observations in 
our companion paper (Chomiuket al. 2012), where we con- 
sistently treat the shock parameters and evolution. Here we 
study SN 201 lfe from a complementary perspective, bridg- 
ing optical/UV, X-ray and gamma-ray observations. 

Swift observations were acquired starting from August 24, 
1 .25 days since the onset of the explosion. Swift-XKT data 
have been analyzed using the latest release of the HEA- 
SOFT package at the time of writing (vll). Standard fil- 
tering and screening criteria have been applied. No X-ray 
source consistent with the SN position is detect ed in the 0.3- 
10 key band either in promptly ava ilable data dHoresh et al.l 
1201 U iMargutti & Soderbergll201 lbl) or in the combined 142 
ks exposure covering the time interval 1-65 days (see Fig. 
[U. In particular, using the first 4.5 ks obtained on August 
24th, we find a PSF (Point Spread Function) and exposure 
map corrected 7 ^ 3er count-rate limit on the undetected SN 
< 4 x 10~ 3 c s" 1 . For a simple power-law spectrum with pho- 
ton index r ~ 2 and Galactic neutral hydrogen column density 
NH = 1 .8 x 10 20 cm" 2 dKalberla et al.l2005l) this translates into 
an unabsorbed 0.3-10 keV flux F = 1.5 X 10~ 13 ergs _1 cm~ 2 
corresponding to a luminosity L = 7 x 10 3 8 ergs~ 1 at a dis- 
tance of 6.4 Mpc dShappee & Stanekll20Tlh . Collecting data 
between 1 and 65 days after the explosion (total exposure 
of 142 ks) we obtain a 3cr upper limit of 2 x 10~ 4 cs _I (F = 
7.4 x 10~ 15 ergs _1 cm" 2 , L = 3.6 x 10 37 ergs _I ). Finally, ex- 
tracting data around maximum light (the time interval 8- 
38 days), the X-rays are found to contribute less than 3 x 
lO^cs" 1 (3a limit, total exposure of 61 ks) corresponding 
toF=l.l x 10- 14 ergs _1 cm- 2 , L = 5.9 x lO^ergs" 1 . 

We observed SN 201 lfe with the Chandra X-ray Obser- 
vatory on Aug 27.44 UT (day 4 since the explosion) under an 
approved DDT proposal (PI Hughes). Data have been reduced 
with the CIAO software package (version 4.3), with cali- 
bration database CALDB (version 4.4.2). We applied stan- 
dard filtering using CIAO threads for ACIS data. No X-ray 
source is detected at the SN position during the 50 ks exposure 
(Hug hes etaT1l2011l) , with a 3a upper limit of 1 . 1 x 10 c s 
in the 0.5-8 keV band, from which we derive a flux limit of 
7.7 x 10~ 16 erg s"'cm" 2 corresponding to L = 3.8 x 10 36 erg s" 1 
(assuming a simple power-law model with spectral photon in- 
dex T = 2). 3a upper limits from Swift and Chandra observa- 
tions are shown in Fig. [2] 

The SN was clearly detected in Swift-UVCfT observations. 
Photometry was extracted from a 5" aperture, closely follow- 

24 Note that correcting for both the PSF and the exposure map is here 
of primary importance to compute the upper limits. If the exposure map is 
neglected, deeper but unrealistic limits would be computed. 



ing the prescriptions bv lBrown et al.l (|2009) (see Fig. |2). Pre- 
explosion images of the host galaxy acquired by UVOT in 
2007 were used to estimate and subtract the host galaxy light 
contribution. Our photo metry agrees (withi n the uncertain- 
tie s) with the results of IBrown et ail (1201 ll) . With respect 
to IBrown et al.l (1201 ll) we extend the UVOT photometry of 
SN 201 lfe to day ~ 60 since the explosion. Due to the bright- 
ness of SN 201 lfe, u, b and v observations strongly suffer 
from coinciden ce losses ( Breeveld et al.ll2010t) around maxi- 
mum light (see Brown et al.l20 111 for details): supernova tem- 
plates from Nugent et al. (2002) were used to fit the u and b 
light-curves and infer the SN luminosity during those time in- 
tervals in the u and b bands. For the v-band, it was possible to 
(partially) recover the original light-curve applying standard 
coincidence losses corrections: however, due to the extreme 
coincidence losses, our v-band light-curve may still provide a 
lower limit to the real SN luminosity in the time interval 8-37 
days since explosion. In Fig. [2] we present the Swift-XJVOT 
6-filter light-curves, and note that the re-constructed v-band is 
broadly consistent with the Nugent templat d^. We adopted a 
Galactic reddening of E(B-V) = 0.01 {Schlegel e tai1ll998l) . 

In the case of the "golden standard" la SN 2005cf (which 
is among the best studied la SNe), the V band is found to 
contr ibute ~ 20% to the bolometric luminosity (Wang et al. 
2009), with limited variation over time. For SN 201 lfe, we 
measure at day 4 a v-band luminosity L v ~ 10 41 ergs" 1 , corre- 
sponding to Lboi ~ 5 x 10 41 erg s -1 and note that at this time 
the luminosity in the v, b, u, wl and w2 bands account for 
w 0.5Lboi- We therefore assumed that the v, b, u, wl and w2 
bands represent w 0.5Lt, o i- In the following we explicitly 
provide the dependence of our density limits on Lbd, so that it 
is easily possible to re-scale our limits to any Lbd value. Given 
that the optical properties point to a normal SN la (Parrent at 
al. in prep.) we adopt fiducial parameters M e j = 1.4M Q and 
E = 10 51 erg for the ejecta mass and SN energy, respectively, 
throughout this paper. 

3. LIMITS ON THE AMBIENT DENSITY FROM X-RAYS 

X-ray emission from SNe may be attributed to a number 
of emission processes including (i) synchrotron, (ii) thermal, 
(iii) Inverse Compton (IC), or (iv ) a long-lived central engine 
(see iChevalier & Fra nsson 2006 for a review). It has been 
shown that the X-ray emission from stripped supernovae ex- 
ploding into low density environments is dominated by IC on 
a timescale of weeks to a month since explosion, correspond- 
ing to the peak of the optical emissi on (Bj ornsson & Fransson 
2004, IChevalier & Fransson! l2006h . In specific cases, this 
has been shown to be largely correct (e.g., SN 20 08D 
ISoderberg et at1l2008l SN 201 ldh lSoderberg"et^l2mrl) . 

In this framework the X-ray emission is originated 
by up-scattering of optical photons from the SN pho- 
tosphere by a population of relativistic electrons (e.g. 
Biornsson & Fransson 2004). The IC X-ray luminosity de- 
pends on the density structure of the SN ejecta, the struc- 
ture of the circumstellar medium (CSM) and the details of 
the relativistic electron distribution responsible for the up- 
scattering. Here we assume the SN outer density structure 

25 Note that, as it will be clear from the next section, this possible underes- 
timation of the v-band luminosity around maximum light only leads to more 
conservative limits to the ambient density derived from Swift observations. 
Our main conclusions are however based on the Chandra observation taken 
at day 4, when coincidence losses do not play a role. 

26 Nearly 80% of the bolometric luminosity of a typical SN la is emitted 
in the range from 3000 to 10000 A lContardo et 3112000) . 
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FIG. 2. — Limits on the X-ray luminosity of SN 201 lfe: 0.5-8 keV luminosity expected from inverse comptonization of optical photons in the case of a wind 
PCSM x R 2 (green solid line) and an ISM Pcms °<- const (blue solid line) environment. Deep limits from Swift and Chandra are marked with red bullets and 
squares, respectively. In the case of Swift observations we report the combined limit (at the linear midpoint of the time intervals), produced stacking the entire 
Swift-XKT data set together with a limit calculated around the SN maximum light. The colored areas span A = (0.8-7) X 10- 9 M Q y>-- 1 /(100km s~') (wind, 
green) and A = (55 - 500) cirT 3 (ISM, blue). The Chandra observation constrains M/v„ < 2 X lO _9 M >T _1 /( lookms_ ') (wind); n CSM < 166cm" 3 (ISM). The 
blue and green x-axes report the ISM and wind radius of the shock calculated using these values. Black dotted line: scaled SN bolometric luminosity. Grey filled 
circles: scaled Swift-WOT light-curves. Dashed lines: best-fitting Nuaent et al. (2002) templates to the u b and v band. We assume E = lO^erg, Af f ; = 1.4M Q , 
e«. = 0.1,p = 3. 

Psn <x R " with n ~ 10 (IChevalier & Fran sson 2006), as found 
for SNe arising from com pact progenitors (as a comparison, 
Matzner & Mc Keel [l 9991 found the outermost profile of the 
ejecta to scale as p$n ozR~ 102 . S ee IChomiuk et ail 120121 
Soderberg in prep, for a discussionQ the SN shock prop- 
agates into the circumstellar medium and is assumed to accel- 
erate the electrons in a power-law distribution n e (7) = no7~ p 
for 7 > 7min- Radio observations of type Ib/c SNe indicate 
p ~ 3 (Chevalier & Fransson 2006). However, no radio detec- 
tion has ever been obtained for a type la SN so that the value 
of p is currently unconstrained: this motivates us to explore a 
wider parameter space p > 2. 1 (Fig. as seen for mildly rel- 
ativistic and relativis tic exp l osions (e.g . , gamma-ray bursts, 
Panaitescu & Kumar l2000t lYost et alJ 120031: ICurran et al.1 
20101) . Finally, differently from the thermal or synchrotron 



luminosity, so that possible uncertainties on the distance of 
the SN do not affect the IC computation; it furthermore does 
not require any assumption on magnetic field related parame- 
ters. 

For a population of optical photons with effective tempera- 
ture T e ff, the IC luminosity at frequency v reads (see Appendix 
E): 



dL 



ic 



dv 



-0.2 



h \¥(p- 



\3.6k) 



- 2)a T e e pcMsV 2 s l { lJ ) T„ 



eff 



m.,c- 



-Lboi(0 
(1) 



mechanisms, the IC luminosity is directly related to the bolo- 
metric luminosity of the SN {Licit) oc Lboi(0) : the environ- 
ment directly determines the ratio of the optical to the X-ray 

27 Note that the adopted density profile is similar to the W7 model by 
INomoto et al. 1 1984) with the addition of a power-law profile at high veloc- 
ities. A pure W7 profile would give rise to somewhat slower Shockwave 
velocity (Dwarkadas & Chevalier 1998). 



where AR is the extension of the region containing fast elec- 
trons; pcsM is the circumstellar medium density the SN shock 
is impacting on, which we parametrize as a power-law in 
shock radius pcsM fx R ~ s > together with psn, Pcsm determines 
the shock dynamics, directly regulating the evolution of the 
shock velocity v s = v s (t,n,s), shock radius R = R(t,n,s) and 
7 m ; n = 7min(f,«,s) as derived in Appendix [Al For the special 
case p = 3, oc W 1 , its dependence on T^f cancels out and 
it is straig htforward to verify that Eq. [T] matches the predic- 
tions from Chevalier & Fransson (2006), their Eq. (31) for 
5 = 2 (wind medium). In the following we use Eq. Q]and the 
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FIG. 3. — Limits on the CSM density around SN 201 lfe as derived from the 
X-ray non-detection at 4 days after the explosion, assuming inverse comp- 
tonization of optical photons in the case of a wind (upper panel) or ISM 
(lower panel) scenario. Black solid line: 3 cr upper limit as a function of the 
power-law index of the electron distribution p assuming T = 10000K. Upper 
limit contours in the cases T = 5000 K and T = 20000 K are also shown for 
comparison (black dashed lines). Yellow bullets: upper limit to the CSM den- 
sity as derived from radio observations for tg in the range 0.1—0.01. eg - 0.1 
gives the tightest constraint ( Chomiuk et al. 2012). We assume E = 10 51 erg, 
M eJ ■ = 1.4M , t e =0.1. 

^boi(f) evolution calculated from Swift-UVOT observations of 
SN 201 lfe (Sec. |2| to derive limits on the SN environment 
assuming different density profiles. We assume t e . = 01, as 
indica ted by well studied SN shocks dChevalier & Franssonl 
2006). Each limit on the environment density we report be- 
low has to be re-scaled of a multiplicative factor (0.1 /eef p ~^ 
for other e e values. 

3.1. Wind scenario 
A star which has been losing material at constant rate M 
gives rise to a "wind medium": pcsm = M /(4irR 2 v w ). Eq. IA8I 
and the Chandra non-detection constrain the wind density to 
M/v w < 2 x 10" 9 (M Q y" 1 /100kms" 1 ) (where v w is the wind 
velocity). This is a 3rr limit obtained integrating Eq. IA8I 
over the 0.5-8 keV Chandra pass band and assuming p = 3, 
e e = 0.1, E = 10 51 erg and M ej = 1.4M Q . The observation 
was performed on day 4 after the explosion: at this time 
Lboi ~5x 10 41 ergs _I while the shock wave probes the en- 



vironment density at a radius fi~4x 10 I5 cm (Eq. [A3] and 
lA7t forM/v w = 2 x lO-^Moy-VlOOkms" 1 ) (see Fig. |2). For 

the wind scenario M/v w oc (1 /Lboi) <1//0 ' 64) (see AppendixlAl. 

While giving less deep constraints, Swift observations have 
the advantage of being spread over a long time interval giving 
us the possibility to probe the C SM density over a wide range 
of radii. Integrating Eq. IA8I in the time interval 1-65 days 
to match the Swift coverage (and using the 0.3-10 keV band) 
leads to M/v w < 7 x lO-^MQ^rVlOOkms" 1 ) for 2 x 10 15 < 
R < 6 x 10 16 cm from the progenitor sitj^l A similar value is 
obtained using the X-ray limit around maximum optical light, 
whe n the X-ray emission from IC is also expected to peak 
(Fig. 00). 

3.2. ISM scenario 

SN 201 lfe might have exploded in a uniform density en- 
vironment (ISM, s = 0). In this case, integrating Eq. IA6I 
over the 0.5-8 keV energy range, the Chandra limit implies 
a CSM density ticsm < 166cm" 3 at 3cr confidence level for 
fiducial parameter values p = 3, e e = 0.1, E = 10 51 erg and 
M e j = 1.4M Q . This limit applies to day 4 after the explo- 
sion (or, alternatively to a distance S~4x 10 15 cm, see Fig. 
O. Integrating Eq. IA6I over the time interval 1-65 days 
(and in the energy window 0.3-10 keV) the Swift upper limit 
implies «csm < 800cm" 3 (3c level), over a distance range 
2 x 10 15 - 3 x 10 16 cm from the progenitor sitj^l. Around 
maximum light (days 8-38), we constrain ticsm < 770cm" 3 
for distances (1 < R < 3) x 10 15 cm. For an ISM scenario our 

constraints on the particle density oc (1/Lboi)^ 1 '' ' 5 '' (see Ap- 
pendixlAl. 

Figure [3] (lower panel) shows how our Chandra limit com- 
pares to deep radio observations of SN 201 lfe. We explore a 
wide parameter space to understand how a different photon ef- 
fective temperature and/or electron power-law index p would 
affect the inferred density limit: we find hcsm ^ 150 cm" 3 for 
r en - < 20000 K and 2.2 < p < 3. X-ray observations are less 
constraining than radio observations in the ISM case when 
compared to the wind case: this basically reflects the higher 
sensitivity of the synchrotron radio emission to the blastwave 
velocity, which is faster for an ISM-like ambient (for the same 
density at a given radius). 

3.3. Implications 

From the Chandra non detection we derive M/v w < 2 x 
10~ 9 (M Q y" 1 /100kms" 1 ). This is the deepest limit obtained 
from X-ray observations to date and directly follows from 
(i) unprecedented deep Chandra observations, (ii) proximity 
of SN 201 lfe coupled to (iii) a consistent treatment of the 
dynamics of the SN shock interaction with the environment 
(Appendix lAb. Before SN 201 lfe, the deepest X-ray non- 
detection was reported for Type la SN 2002bo at a level of ~ 

28 Given the gentle scaling of the shock radius with wind density (R oc 
A" 012 , Eq. IA71 . these values are accurate within a factor 10 of M/v w varia- 
tion. 

29 Note that in Fig. [5]the Swift limits are arbitrarily assigned to the linear 
midpoint of the temporal intervals. The limit on the ambient density is how- 
ever calculated integrated the model over the entire time interval so that the 
arbitrary assignment of the "central" bin time has no impact on our conclu- 
sions. 

30 R has a very gentle (oc A~° 1 , see Eq. IA51 dependence on the environ- 
ment density. The R values we list are representative of an ISM medium with 
a wide range of density values: 80 < ncsM $ 8000 cirT 3 . 
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2 x 10 38 ergs 1 (distance of 22 Mpc): using 20 ks of Chandra 
observations obtained 9.3 days after explosion, Hugh es et alj 
d2007l) constrained M/v K < lO^CMQV-VlOOkms" 1 ). This 
limit was computed conservatively assuming thermal emis- 
sion as the leading radiative mechanism in the X-rays. Us- 
ing a less conservative approach, other studies were able to 
constrain the X-ray luminosity from type la SNe observed 
by Swift to be < 10 39 ergs -1 dlmmler et alj |2006). leading to 
M/v K < lO-^Mgy-'/lOOkms" 1 ) (a factor ~ 100 above our 
result). 

Our limit on SN 201 lfe strongly argues against a symbi- 
otic binary progenitor for this supernova. According to this 
scenario the WD accretes material from the wind of a giant 
star carrying away material at a level of M > lO~ 8 M0jr _1 for 
y w < 1 00km s" 1 (see e.g ISeaquist & Taylodll990l: iPatat et all 
2011a; ChejieLalJlIOIlb . We reached t he same conclusion 
in our companion paper (IChomiuk et al.ll20l2l) starting from 
deep radio observations of SN 201 lfe. The radio limit is 
shown in Fig. [3] for the range of values 0.01 < eg < 0.1, 
with 6b = 0.1 leading to the most constraining limit (where e# 
is the post shock energy density fraction in magnetic fields). 
Historical imaging at the SN site rules out red-giant stars and 
the majority of the paramete r space associated with He star 
companions dLi et alj 1201 lal their Fig. 2): however, pre- 
explosion images could not constrain the Roche-lobe over- 
flow (RLOF) scenario, where the WD accretes material ei- 
ther from a subgiant or a main-sequence star. In this case, 
winds or transferred material lost at the outer Lagrangian 
points of the system are expected to contribute at a level 
> 3 x lO- 9 (M/M yr- 1 )(v vv /lOOkms- 1 )- 1 if a fraction > 1% 
of the transferred mass is lost at the Lagrangian points an d 
the WD is steadily burning (see e.g. IChomiuk et al.ll20~12l et 
al and references therein). The real fraction value is how- 
ever highly uncertain, so that it seems premature to rule out 
the entire class of models based on the present evidence. X- 
ray limits would be compatible with RLOF scenarios where 
the fraction of lost material is < 1 % (for any 2.1 < p < 3 and 
5000 K < T eff < 20000 K, Fig. E). However, f rom the analysis 
of early UV/optical data, Bloom et aTj d201 ll) found the com- 
panion radius to be R c < O.IRq, thus excluding Roche-lobe 
overflowin g red-giants and main sequence secondary stars 
(see also lBrown et al.ll201 ll) . 

X-ray non-detections are instead consistent with (but can 
hardly be considered a proof of) the class of double degener- 
ate (DD) models for type la SNe, where two WDs in a close 
binary system eventually merge due to the emission of grav- 
itational waves. No X-ray emission is predicted (apart from 
the shock break out at t <C 1 day, see Sec. [5]l and SN 201 lfe 
might be embedded in a constant and low-density environ- 
ment (at least for,R > 10 14 cm). Pre-explosion radio HI imag- 
ing indicates an ambient density of « 1 cm -3 (Chomiuk et al. 
120121) (on scales R » 10 14 cm), while our tightest limits in 

the case of an ISM environment are «csm < 166cm~ 3 . Ourob- 
servations cannot however constrain the presence of material 
at distances in the range 10 13 - 10 14 cm from the SN explosion: 
recent studies suggest that significant material from the sec- 
ondary (disrupted) WD may indeed reside a t those distances 
either as a direct result of the DD-merger dShen et alJl2()Tlh 
or as an outcome of the subsequent evolution of the system 
dFryeret al.ll2010l) . 

Whatever the density profile of the environment, our find- 
ings are suggestive of a clean environment around SN 201 lfe 



for distances 2 x 10 15 < R < 5 x 10 16 cm. The presence of sig- 
nificant material at larger distances (R>5x 10 16 cm) cannot 
be excluded, so that our observations cannot constrain models 
that predict a large dela y (> 10 s yr) between mass loss and the 
SN explosion (see e.g. lJusthamll20TTl iDi Stefano etal.ll201ll 
and references therein). Finally, it is inte resting to note that 
the high-resolution spectroscopy study by lPatat et al.l (1201 lbl) 
lead to a similar, clean environm ent conclusio n: at variance 
with SN 2006X (IPatat et alj|2007l). SN 19 99cl dBlondin et al l 
[20091) and SN 20071e dSimon et al.ll2009l) . SN 201 lfe shows 
no evidence for variable sodium absorption in the time period 
8 - 86 days since exp losion. In this context, a recent study by 
ISternberg et al.l (1201 ll) found evidence for gas outflows from 
Type la progenitor systems in at least 20% of cases. 

Independent constraints on the circumstellar medium den- 
sity around Type la SNe come from Galactic Type la super- 
nov a remnants (SNR): the study of Tycho's SNR in the X-rays 
lead iKatsuda et al.l O010) to determine a pre-shock ambient 
density of less than ~ 0.2cm" 3 ; the ambient density is likely 
< 1 cm -3 both in the case of Kepler's SNR (]Vink|2008l) and in 
the case of SNR 0509-67.5 dKosenko et al.ll2008l) . 

We emphasize that different type la SNe might have dif- 
ferent progenitor systems as suggested by the increasing ev- 
idence of diversity among this class: we kn ow that 30% of 
local SNe la h ave peculiar optical properties dLi et al.ll201 lbl 
iLi et al.l[2001l) . The above discussion directly addresses the 
progenitor system of SN 201 lfe: our conclusions cannot be 
extended to the entire class of type la SNe. 

4. LIMITS ON THE POST-SHOCK ENERGY DENSITY 

While the IC emission model discussed here is primarily 
sensitive to CSM density, the associated radio synchrotron 
emission is sensitive to both the CSM density and e# (post 
shock energy density in magnetic fields). As a conse- 
quence, when combined with radio observations of syn- 
chrotron self-absorbed SNe, deep X-ray limits can be used 
to constrain the £b vs. ambient dens ity parameter space 
dChevalier & Franssodl20()6t lKatzll2012l) . This is shown in 
Fig. [4] for a wind (upper panel) and ISM (lower panel) en- 
vironment around SN 201 lfe: the use of the same formalism 
(and ass umptions) allows us to directly combine the radio lim- 
its from Chomi uk et al.l (|2012) with our results. We exclude 
the values of e B < 0.02 coupled to M > 2 x lO" 9 M y _1 for a 
wind medium, while eg < 0.1 for any M > 5 x lO" lo M0y _1 . 
In the case of an ISM profile, X-ray limits rule out the e# < 
2 x 10~ 3 ncsM > 150 cm" 3 parameter space. 

The exact value of the microphysical parameters eg and 
e e is highly debated both in the case of non-relativistic 
(e.g. SNe) and relativistic (e.g. Gamma-Ray Bursts, 
GRBs) shocks: equipartition (cp/ce ~ 1) was obtained for 
SN 2002ap fr om a detailed modeling of the X-ray and ra- 
dio emission dBjornsson & Fransson 2004) while significant 
departure fro m equipartition ( C e/eg ~ 30) has recently been 
suggested by ISoderberg et al.l d2011l) to model SN 201 ldh. 
The same is true for SN 1993 J, for which e^/e^ s> 1 
dFransson & Bjornsson 1998). In the context of relativis- 
tic shocks, GRB afterglo ws seem to exhibit a large range 
of eg and e e values (e.g. Panait escu & Kuman 120011) : fur- 
thermore, val ues as low as 6r ~ 10~~ 5 have r ecently been be 
suggested by Kumar & Barni oTDuranl (120101) from accurate 
multi-wavelength modeling of GRBs with GeV emission. It 
is at the moment unclear if this is to be extended to the entire 
population of GRBs. On purely theoretical grounds, start- 
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FIG. 4. — Constraints on the post-shock energy density in magnetic fields 
vs. ambient density parameter spac e as ob tained combining the X-ray to 
the radio limits from Chomiuk et al. 12012). Upper panel: wind scenario. 
Lower panel: ISM environment. In both panels the grey area marks the 
pre-explosion density as measured from radio observations at the SN site 
IChomiu k et al. 2012). A distance of 4 X 10 15 cm has been used in the case 
of a wind medium. The horizontal dashed line marks equipartition (eg = e e ) 
for th e assumed e g = 0. 1. THINGS stands for "The HI Nearby Galaxy Sur- 
vey" JWalter et aU2008l) . 

ing from relativistic MHD simulations Zhang e t alj (120091) 
concluded eg ~ 5 x 10~ 3 : this result applies to GRB inter- 
nal shocks, the late stage of GRB afterglows, transrel ativis- 
tic SN explosions (like SN 1998bw, lKuIkarni et al.ll 19981) and 
shock breakout from Type Ibc supernova (e.g. SN 2008D, 
Soder berg et al.ll2008h . It is not clear how different the mag- 
netic field generation and particle acceleration might be be- 
tween relativistic and non-relativistic shocks. 

Figure |4] constitutes the first attempt to infer the eg value 
combining deep radio and X-ray observations of a Type la 
SN: better constraints on the parameters could in principle be 
obtained X-ray observations are acquired at the SN optical 
maximum light. In the case of SN 201 lfe we estimate that 
a factor ~ 10 improvement on the density limits would have 
been obtained with a Chandra observation at maximum light. 

5. GAMMA AND X-RAY EMISSION FROM SHOCK BREAK OUT 

Shock break out from WD explosions is expected to 
produce a short (w 1 - 30ms) pulse with typical ~ MeV 



photon energy, luminosity ~ 10 ergs and energy in the 
range 10 40 - 10 42 erg dNakar & Sarill201 ll) . Such an emission 
episode would be easily detected if it were to happen close by 
(either in the Milky Way or in the Magell anic Clouds), while 
SN 2 01 lfe exploded — 6.4 Mpc away (IShappee & Stanekl 
2011). Given the exceptional proximity of SN 201 lfe we 
nevertheless searched for evidence of high-energy emission 
from the shock break-out using data collected by the nine 
spacecrafts of the interplanetary network (IPN Mars Odyssey, 
Konus-Wind, RHESSI, INTEGRAL (SPI-ACS), Swift-BAT, 
Suzaku, AGILE, MESSENGER, and Fermi-GBM). 

The IPN is full sky with temporal duty cycle ~ 100% and i s 
sensitive to radiation in the range 20- 10 4 keV (!Hurleyl2010l) . 
Within a 2-day window centered on Aug 23rd a total of 3 
bursts were detected and localized by multiple instruments of 
the IPN. Out of these 3 confirmed bursts, one has localiza- 
tion consistent with SN 201 lfe. Interestingly, this burst was 
detected by KONUS, Suzaku and INTEGRAL (SPI-ACS) on 
August 23rd 13:28:25 UT: for comparison, the i nferred explo- 
sion tim e of SN 201 lfe is 16 : 29 ± 20 minutes, iNugent et all 
1201 lbl The IPN error box area for this burst is 1 .4 sr. The 
poor localization of this event does not allow us to firmly asso- 
ciate this burst with SN 201 lfe: from poissonian statistics we 
calculate a ~ 10% chance probability for this burst to be spa- 
tially consistent with SN 201 lfe. A more detailed analysis re- 
veals that SN 201 lfe lies inside the KONUS-INTEGRAL tri- 
angulation annulus but outside the KONUS-Suzaku triangula- 
tion annulus. Furthermore, at the inferred time of explosion, 
SN 201 lfe was slightly above the Fermi-GBM horizon, but 
no burst was detected (in spite of the stable GBM background 
around this time). We therefore conclude that there is no sta- 
tistically significant evidence for a SN-associated burst down 
to the Fermi-GBM threshold (fluence ~4x 10~ 8 ergcm~ 2 in 
the 8-1000 keVbandfJ 

The early photometry of SN 201 lfe constrains the progen- 
itor radius to be R p < 0.02 R Q dBloom et al.ll2011l) . Using the 
fiducial values E = 10 51 erg, M e j = 1.4 M Q , the shock break 
out associated with SN 201 lfe is therefore expected to have 
released E^o ^ 3 x 10 41 erg over a time-scale ?bo £2ms with 
lumin osity L R q > 7 x lO ^ergs" 1 at typical 7bo > 250 keV 
(see [Nakar & Sal 120111 their Eq. 29). At the distance 
of SN 201 lfe, the expected fluence is as low as ~ 5 x 
10 -11 erg cm" 2 which is below the threshold of all gamma-ray 
observatories currently on orbit (the weakest burst observed 
by BAT had a 15-150 keV fluence of - 6 x lO^ergcm" 2 ). 
For comparison, the KONUS-Suzaku-INTEGRAL burst for- 
mally consistent with the position of SN 201 lfe was detected 
with fluence ~ 3 x 10~ 6 ergcm" 2 and duration of a few sec- 
onds (peak flux of ~ 4 x 10~ 7 ergs _1 cm" 2 ). If it were to be 
connected with the SN, the associated 3-sec peak luminos- 
ity would be L ~ 2 x 10 45 ergs _1 and total energy E ~ 10 46 erg 
(quantities computed in the 20-1400 keV energy band) which 
are orders of magnitudes above expectations. 

F or t > tfto, the temperature and luminosity drop quickly 
(see lNakar & Sarill201 ll for details): in particular, for t > ?nw 
the emitting shell enters t he Newtonian phase . For SN 201 lfe 
we estimate ?nw ~ 0.3s (Nakar & Sari 2011, their Eq. 30); 

31 Swift is sensitive to fainter bursts: however it has a limited temporal 
coverage. We note that Swift-BKt was active and no burst was detected dur- 
ing the time window extending from 16:03:54 UT to 16:30:53 UT, implying 
a probability > 50% for a SN-associated burst with fluence above the Swift 
threshold and below the Fermi-GBM one to occur without being detected. 
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f° r Rp ^ O.O2/? the luminosity at t = 10 x % is £(?nw) ^ 
1 x 10 41 ergs -1 with typical emission in the soft X-rays: 
T(tim ) > 0.2 keV. At later times L oc f" 35 dNakar & Saril 
1201 lb while T rapidly drops below the Swift-XRT energy 
band (0.3-10 keV). Swift-XRT observations were unfortu- 
nately not acquired early enough to constrain the shock break 
out emission from SN 201 lfe. UV observations were not 
acquired early enough either: after ~ 1 hr the UV emis- 
sion connected with the shock break out is expected to be 
strongly suppress ed due to the deviatio n from pure radiation 
domination (e.g. Rabinak et aTl 120 ill) . It is however inter- 
esting to note the presence of a "sho ulder" in the UV light- 
curve (Margutti & Soder bergll201 lal) particularly prom inent 
in the uvm2 filter for t < 4 days (see iBrown et al.|l2011| thei r 
Fig. 2) whose origin is still unclear (see however |Piroll20 1 21) . 
A detailed modeling is required to disentangle the contribu- 
tion of different physical processes to the early UV emission 
(and understand w hich is the role of the "red leak" -see e.g. 
iMilne et afl (1201 Oh - of the uvm2 filter in shaping the observed 
light-curve). 

The collision of the SN ejecta with the companion star is 
also expected to produce X-ray emission with typical release 
of energy E x ~ 10 46 - 10 47 erg in the hours following the ex- 
plosion (a mechanism which has been referred to as t he ana- 
log of shock break o ut emission in core collapse SNe, iKasenl 
2010). According to Kasenl (120101) . in the most favorable sce- 
nario of a red-giant companion of M ~ 1M Q at separation 
distance a = 2 x 10 13 cm, the interaction time-scale is ~ 5hr 
after the SN explosion and the burst of X-ray radiation lasts 
1.9hr (with a typical luminosity ~6 x 10 44 ergs _1 ): too short 
to be caught by our Swift-XRT re-pointing 1 .25 days after the 
explosion. We furthermore estimate the high energy tail of 
the longer lasting thermal optical/UV emission associated to 
the collision with the companion star to be too faint to be de- 
tected either: at t ~ 1.5 days, the emission has T e g < 25000 K 
and p eaks at frequency v < 3 x 10 15 Hz (Eq. 25 from Kasen 
2010). Non-thermal particle acceleration might be a source 
of X-rays at these times, a scenario for which we still lack 
clear predictions: future studies will help understand the role 
of non-thermal emission in the case of the collision of a SN 
with its companion star. 

6. CONCLUSION 

IC emission provides solid limits to the environment den- 
sity which are not dependent on assumptions about the poorly 
constrained ma gnetic field energy density ( i. e. the eg param- 
eter; see also IChevalie~ fe Fransson 2006 and iHoresh et al.l 
1201 ll) . This is different from the syn chrotron emission, wh ich 
was used in our companion paper (Chomiuket aTl 120121) to 
constrain the environment of the same event from the deep- 
est radio observations ever obtained for a SN la. The two 
perspectives are complementary: the use of the same assump- 
tions and of a consistent formalism furthermore allows us to 
constrain the post-shock energy density in magnetic fields vs. 
ambient density parameter space (see Fig. |4). This plot shows 
how deep and contemporaneous radio and X-rays observa- 
tions of SNe might be used to infer the shock parameters. 

The IC luminosity is however strongly dependent on the SN 
bolometric luminosity: Lic(0 oc Lboi(?)- Here we presented 
the deepest limit on the ambient density around a type la SN 
obtained from X-ray observations. Our results directly benefit 
from: (i) unprecedented deep Chandra observations of one of 
the nearest type la SNe, coupled to (ii) a consistent treatment 



of the dynamics of the S N shock interaction w ith the environ- 
ment (Appendix lAl and Cho miuk et al.l 120121) . together with 
(iii) the direct computation of the SN bolometric luminosity 
from Swift/WOn data. 
In particular we showed that: 

• Assuming a wind profile the X-ray non-detections 
imply a mass loss M < 2 x lO^M^yr -1 for v w = 
lOOkms" 1 . This is a factor of ~ 10 deeper than the 
limit reported by Hore sh et al.l 1201 ll This rules out 
symbiotic binary progenitors for SN 201 lfe and argues 
against Roche-lobe overflowing subgiants and main se- 
quence secondary stars a fraction > 1 % of the trans- 
ferred mass is lost at the Lagrangian points and the WD 
is steadily burning. 

• Were SN 201 lfe to be embedded in an ISM environ- 
ment, our calculations constrain the density to ncsM < 
160 cm" 3 . 

Whatever the density profile, the X-ray non-detections are 
suggestive of a clean environment around SN 201 lfe, for 
distances in the range ~ (0.2-5) x 10 16 cm. This is either 
consistent with the bulk of material (transferred from the 
donor star to the accreting WD or resulting from the merg- 
ing of the two WDs) to be confined within the binary sys- 
tem or with a signific ant delay > 10 5 yr between mass los s 
and SN explosion (e.g. [Fustham 201 H lDi Stefano et alJ20TTh . 
Note that in the context of DD mergers, the presence of ma- 
teri al on distances 10 13 - 10 14 cm (as rec ently suggested by 
e.g . iFrver et al.ll2010landlShen et al.l l 201 ll) has been excluded 
by Nugent et al.l (1201 lbl) based on the lack of bright, early 
UV/optical emission. 

We furthermore looked for bursts of gamma-rays associ- 
ated with the shock break out from SN 201 lfe. We find no 
statistically significant evidence for a SN-associated burst for 
fluences > 6 x 10~ 7 ergcm" 2 . However, with progenitor radius 
R p < 0.02 Rq the expected SN 201 lfe shock break out fluence 
is « 5 x 10~ n erg cm -2 , below the sensitivity of gamma-ray 
detectors currently on orbit. 

The proximity of SN 201 lfe coupled to the sensitivity of 
Chandra observations, make the limits presented in this pa- 
per difficult to be surpassed in the near future for type la SNe. 
However, the generalized IC formalism of Appendix [Alls ap- 
plicable to the entire class of hydrogen poor SNe, and will 
provide the tightest constraints to the explosion environment 
if X-ray observations are acquired around maximum light (see 
Fig. |2]i for Type I supernovae (la, lb and Ic). 
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APPENDIX 
INVERSE COMPTON LUMINOSITY 

Ambient electrons accelerated to relativistic speed by the SN sho ck are expected to up s catter optical photons from t he SN 
photosphere to X-ray frequen cies via Inverse Compt o n (IC) , see e.g. IChevalier et al.l (120061) . IChevalier & Fransson! (120061) . Here 
we generalize Eq. (31) from IChevalier & Fransson! (120061) for a pop ulat ion of relativistic electrons with arbitrary distribution 
n e (l) = no r )~ p for 7 > 7 m i n , both fo r an ISM ( Eq. IA6t and a wind (Eq. IA8b scenario. 

Using the IC emissivity given bv lFelten & Morrisonl (119661) . their Eq. 27, the IC luminosity reads: 

^=2Aa T c(^)~R 2 n AR Pmd Tjv 1 ? (Al) 

where p m a(t) = is the energy density of photons of effective temperature which are upscattered to ~ 3.6^ 2 kT e fi\ AR is 
the extension of the region containing fast electrons while R is the (forward) shock radius. The emission is expected to originate 
from a shell of shocked gas between the reverse and the forward shock which are separated by the contact discontinuity at R c 
( IChevalier & Fr ansson 2006). For psn oc R~ n with n = 10 the f orward shock is at 1 .2397? c (1.131/? c ) while the reverse shock is 
at 0.984r? c (0.966^ c ) in the case of a wind (ISM) environment (IChev alier 1982). The fraction of the volume within the forward 
shock with shocked gas is 0.5 (0.4) corresponding to a sphere of radius AR ~ 0.8/? (AR ~ 0.1R) for an assumed wind (ISM) 
density profile. 
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If a fraction e e of the post-shock energy density goes into non thermal relativistic electrons, from J°° 7 ■n e (j)dj = 9 /%t e pcsMV 2 
we have: 

„ _ 9(p-2)e e p CS Mvh^ ) 

«o - 5 ^ A l > 

for p > 2. Combining Eq. I A II with Eq. IA2I we obtain Eq. Q] The temporal evolution of Lie directly depends on Lboi(0; T e g(t); 
v s (t); R(t) and 7 m i n (0- The properties of the SN and of its progenitor determine L\, \(t) , T e ff{t) and the profile of the outer ejecta 
Psn oc R~ n . We assume n ~ 10 through out the paper (e.g. Chevalier & Fransson 2006). The environment sets the pesu profile, 
which we parametrize as Pcsm = A ■ R~ s . Both the SN explosion properties and the environment determine the shock dynamics: 
evolution of the shock radius R(t ), shock velocity v s (t) and, as a consequence jmm(t). Under those conditions the shock interaction 
region can be described by a self-similar solution dChevaheri [l982) with the shock radius evolving as R cx t which implies: 



v, W =p=2)^> (A3) 
\n—s ) t 



The shock velocity directly determines 7 m j n . From Soderberg et al] (12005b . assuming that all electrons go into a power-law 
spectrum with spectral index p: 



(A4) 



8ry \m e J\ c ) \N e /Nf. 

where 77 is the shock compression parameter, N e (Ni) is the electron (ion) number density and /i, is the average number of 
nucleons per atom. We furthermore define g(Z) = (^j/jj^j ■ For Solar metallicity g(Z Q ) « 1 .22. In the following we assume r\ « 4 
dChevalier & Franssonll2006T) . Z = Z . 



ISM scenario: 



The s elf-similar solut ions for the interaction of the SN ejecta with an ISM-like circumstellar medium (s = 0, pcsM = A/R S =A) 
lead to dChevalierll 19821 Soderberg et al., in prep): 

/ A \-01/ F \0.35/ M ■ \ -0-25 / 1 \ -0.29 

v 5 ( f ) = 2.4xl0 9 (-^ f-=— 1 f-^-) f-1 cms" 1 (A5) 
Vg/cm 3 / V10 51 erg/ \l.4M r .J \sJ 



where M ej is the mass of the ejected material and E is the energy of the supernova explosion. Eq. I A2I I A3 1 [A4I and I A5 1 together 
with Eq. IA1I predict an IC luminosity: 

dL K t < Tsr^if M *J A \ (11 -°^V E \^P^^ft\(.^.5m ^ ixf Lm \ erg 

^ = flSM(p ' z)ei {Tam^) [j^J KW^- s ) U T * p "K^)sm (A6) 

vnthyjsM(p ) Z)«2.0xl0 7 (10 3 ) cu -°- 2p) (1.3xl(r 11 )^(f|) 2) (/?-2) ( ''- 1) g(Z)°'~ 2) - In the body of the paper A will be reported 
in (hydrogen) particles per cm 3 . 

WIND scenario: 

For s = 2 (pcsM =A/R 2 ) the self-similar solutions lead to jCheva lier 1982, Soderberg et al., in prep): 

/ A \-0-12/ F \ 0.43 / M \ -0.31 / f s -0.12 

v s (f) = 6.6xlO n f^-) (t4—) (tt—) (-) cms" 1 (A7) 
Vg/cm/ V10 51 erg/ Vl.4M / \sJ 

Combining Eq. |A2][A3]|A4] and [A7] with Eq. lAllwe obtain: 

dUc „-i( M ej \ (0.93—0.62/?) / A W1.36-0.24p) / £ W0.86p-1.29) / f x -(0.24p+0.64) d ^ x e rg 

— -/wind(^ZK ^y^-J ^^rrrj viO^J U ^ ^ 2 VeTgVU ^Hz" 

(A8) 

with /ism(p,Z)« 6.7 x 10- 7 10 (0 ' 24p - 136) (1.3 x 10" 11 ) 1 ? (Httt-) ? (p-2) {p - V) g{Z) (p - 2) . 

Note that pcsm = A/R 2 =M/(4irv w R 2 ), so that A =M /(4irv w ), where M and v w are the mass loss rate and the wind velocity of the 
SN progenitor, respectively. In the body of the paper, for the wind scenario, we refer to A in terms of mass loss rate for a given 
wind velocity so that it is easier to connect our results to known physical systems. 



